We evaluated the prostate-specific antigen (PSA) responses to subsequent therapy in patients previously treated with galeterone. Twenty-seven patients were included in the analysis. Modest PSA responses were seen in patients receiving first-line and second-line subsequent therapies. The response to abiraterone was comparable with historic PSA response rates in patients with no prior exposure to second-generation hormonal therapy or chemotherapy. Background: Galeterone is a multi-targeted agent with activity as a CYP17 inhibitor, androgen receptor antagonist, and also causes androgen receptor degradation. It has shown meaningful anti-tumor activity with a well-tolerated safety profile in patients with castration-resistant prostate cancer (CRPC) in phase I and II studies; however, the efficacy of currently approved CRPC therapies after treatment with galeterone is unknown. In this study, we evaluate prostate specific antigen (PSA) response of non-protocol therapies following galeterone in a subset of patients treated on the Androgen Receptor Modulation Optimized for Response (ARMOR) 2 study. Patients and Methods: Patients who received any subsequent treatment were included. PSA response and treatment duration were summarized by line and type of subsequent therapy. Results: Overall, 27 of 40 patients received ! 1 post-galeterone treatment, of whom 18 (67%) discontinued galeterone for progression, 14 (52%) received ! 2 treatments, and 6 (22%) received ! 3 treatments. PSA changed by a median of À36%, À35%, and þ60% in patients receiving first-line, second-line, and third-line therapy, respectively. Overall, 18 (67%) received subsequent enzalutamide, 12 (44%) received docetaxel, 9 (33%) received abiraterone, and 5 (19%) received cabazitaxel. PSA changed by a median of À27%, À34%, À39%, and 17% for patients receiving subsequent enzalutamide, docetaxel, abiraterone, and cabazitaxel, respectively, at any line. Conclusion: We demonstrate that CRPC therapies exhibit differential anti-tumor activity following galeterone. In this small cohort, abiraterone demonstrates the highest PSA response post-galeterone, whereas enzalutamide and chemotherapy have more modest activity. Larger clinical studies are warranted to fully evaluate the efficacy and safety of second-generation hormonal agents and chemotherapy post-galeterone. Predictive biomarkers will be critical to optimizing patient selection for sequential therapies.
Introduction
Androgen deprivation therapy is the backbone of systemic treatment for patients with recurrent or metastatic prostate cancer. Though androgen deprivation therapy induces clinical responses for most men, castration resistance ultimately develops. It is now understood that the androgen receptor (AR) remains an important driver of disease progression before and after the development of castration-resistant prostate cancer (CRPC). Despite castrate levels 1 of serum testosterone, prostate tumors adapt by increasing androgen synthesis, either by conversion of weak adrenal androgens to more potent androgens or de novo androgen synthesis. 1, 2 Additionally, AR amplification leading to hypersensitivity and AR mutations leading to receptor promiscuity by nonphysiologic ligands are mechanisms by which resistance develops and AR signaling persists. [3] [4] [5] [6] [7] More recently, the presence of constitutively active AR splice variants lacking the C-terminal ligand-binding domain have been linked to the development of resistance in CRPC. 8 Galeterone is an oral, selective, multi-targeted steroidal agent. Preclinical studies have demonstrated that galeterone is a potent selective CYP17 inhibitor and potent AR antagonist. 9 Additionally, galeterone has a unique mechanism of action of disrupting AR signaling via a proteosomal-dependent pathway, leading to AR degradation. This action has been documented in preclinical models of both full-length AR and truncated AR splice variants (ARV). 10 The safety and clinical activity of galeterone were evaluated in a phase I study, Androgen Receptor Modulation Optimized for Response (ARMOR1), and the dose-escalation component of the phase II study (ARMOR2 part 1). 11 These studies demonstrated that galeterone was well-tolerated and supported dosing of 2550 mg/day for further clinical study. 11 Additionally, in ARMOR1, across all doses, 49% of patients achieved a ! 30% decline in prostate-specific antigen (PSA) and in AR-MOR2 part 1, across all doses, 64% of patients achieved a ! 30% decline in PSA, and at the recommended dose of 2550 mg/day, 73% of patients achieved a ! 30% decline in PSA. 11 It should be noted that the ARMOR2 trial design included a 12-week assessment, and treatment beyond 12 weeks was at the discretion of the treating physician, thus limiting the assessment of duration of response to galeterone. ARMOR2 part 2 continues to accrue participants in the post-enzalutamide cohort. A phase III trial (ARMOR3-SV, NCT02438007) was accruing men with CRPC who were positive for AR-V7 with a 1-to-1 randomization to galeterone or enzalutamide. The trial was discontinued following review by the independent Data Monitoring Committee, though no safety concerns were cited regarding this recommendation. AR-V7 is the most common AR splice variant and lacks the C-terminal ligand binding site required for abiraterone and enzalutamide to be clinically effective. In patients with AR-V7, recent publications demonstrate poor response to second-generation hormonal therapies. 8, [12] [13] [14] Despite encouraging results in these phase I and II trials of galeterone, it is expected that patients with CRPC will require additional systemic therapy after treatment with galeterone. Subsequent therapies will include already approved agents for CRPC. These include abiraterone, an irreversible potent CYP17 inhibitor; enzalutamide, a potent second-generation anti-androgen; and docetaxel, cabazitaxel, and radium-223, which have all demonstrated efficacy and improved overall survival (OS) in patients with CRPC. The value of these agents after treatment with galeterone and possible cross-resistance between galeterone and currently approved CRPC therapies has not been evaluated. The objective of this analysis is to describe the PSA response to CRPC therapies following treatment with galeterone in a subset of patients treated on the ARMOR2 study.
Methods

Study Population
Patients enrolled on ARMOR2 (part 2) at the following institutions were included in the analysis: Dana-Farber Cancer Institute (Boston, MA; n ¼ 10), Karmanos Cancer Institute (Detroit, MI; n ¼ 10), San Bernadino Urological Association (San Bernadino, CA; n ¼ 5), Tulane Cancer Center (New Orleans, LA; n ¼ 4), Urology Clinics of North Texas (Dallas, TX; n ¼ 4), Beth Israel Deaconess Medical Center (Boston, MA; n ¼ 3), Carolina Urology Partners (Concord, NC; n ¼ 3), and Massachusetts General Hospital (Boston, MA; n ¼ 1). The ARMOR2 cohorts on which these patients were enrolled were comprised of treatmentnaive patients with both metastatic and non-metastatic CRPC not having received prior chemotherapy, radium-223, CYP17 inhibitors, or next-generation anti-androgens including enzalutamide. Baseline patient and disease characteristics were collected from the ARMOR2 study database. Duration of galeterone treatment, nadir PSA on treatment with galeterone, and reason for galeterone discontinuation were also collected from the ARMOR2 study database. Information regarding subsequent treatments, including treatment start and stop dates, and PSA data were retrospectively collected from the longitudinal medical record. Uniform data templates were used to ensure consistent data collection at each institution. All sites obtained local Institutional Review Board approval prior to data collection.
Statistical Analysis
Baseline patient and disease characteristics were summarized as median, interquartile range or range for continuous variables, and as number and percentage for categorical variables. The primary objective was to characterize PSA response of patients receiving subsequent CRPC therapies after treatment with galeterone. PSA nadir was reported, and time-to-nadir from baseline was calculated. The percentage of patients with > 30%, > 50%, and > 90% PSA decline was calculated for the total cohort and for patients discontinuing ARMOR2 for progression. Additionally, treatment duration was summarized. The duration of each post-galeterone treatment was defined from the time a patient initiated a subsequent therapy to the time they discontinued the therapy or was censored on the date of last follow-up. The Kaplan-Meier method was used to estimate median duration of subsequent treatment. For patients receiving subsequent sipuleucel-T, the start of the next subsequent treatment was used as the date of sipuleucel-T discontinuation. The statistical analyses were performed using SAS version 9 (SAS Institute, Cary NC).
Results
Patient and Disease Characteristics
At the time of this analysis (May 2016), a total of 27 (67.5%) of 40 ARMOR2 patients had initiated subsequent therapy posttreatment with galeterone. The median age at diagnosis of this cohort was 63 years (interquartile range, 59-75 years), and the majority of patients had a Gleason score ! 8 (51%) ( Table 1) . At baseline on the ARMOR2 study, most patients had metastases (81%), and bone was the most common site of metastasis (56%). AR-V7 status was not routinely assessed, though circulating tumor cells (CTCs) were collected for enumeration and characterization. While on treatment with galeterone, the median PSA declined from
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Post Galeterone Therapies in CRPC 18.7 ng/mL to a nadir of 9.6 ng/mL at a median time of 28 days. In the patients who continued galeterone beyond the mandatory 12 weeks, the median duration of galeterone was 5.5 months (interquartile range, 0.5-19.6 months), and 18 patients (67%) discontinued treatment for disease progression as assessed by clinical, radiologic, and tumor marker (PSA) progression.
Outcomes of Subsequent Therapies Post-galeterone
A total of 27 patients received at least 1 subsequent postgaleterone treatment, 14 (52%) patients received at least 2, 6 (22%) received at least 3, 4 (15%) received at least 4, and 2 (7%) received 5 subsequent post-galeterone treatments. Of the 22 patients with metastatic disease, 13 (59%) received at least 2 subsequent therapies, 6 (27%) received at least 3, 4 (18%) received at least 4, and 2 (18%) received at least 5 subsequent therapies. For the total cohort, the median baseline PSA increased with each additional subsequent therapy (Table 2) . Overall, the PSA declined by a median of 36% (range, À100% to 58%) for the first subsequent line of therapy, with 43% (n ¼ 10) of patients experiencing a > 50% decline in PSA ( Table 2 ). Figure 1 displays the maximum percent PSA change for each patient during the first subsequent line of therapy for the total cohort. Median duration of the first subsequent therapy was 3.8 months (range, 1.1-31.9þ months). PSA declined by a median of À35% (range, À95% to À8%) for the second subsequent therapy with 33% (n ¼ 4) experiencing a > 50% decline in PSA. The median duration of the second subsequent therapy was 2.3 months (range, < 1-11.0 months).
Of the 18 patients who discontinued galeterone for disease progression, 9 (50%) patients received at least 2, and 5 (28%) received at least 3 subsequent post-galeterone treatments. As seen in the total cohort, the median baseline PSA increased with each additional subsequent therapy (Table 3) . Overall, PSA in this group declined by a median of 52% (range, À99% to 58%) for the first subsequent line of therapy, with 57% (n ¼ 8) of patients experiencing a > 50% decline in PSA (Table 3 ). Figure 2 displays the maximum percent PSA change for each patient who discontinued ARMOR2 for progression during the first subsequent line of therapy.
Overall, 18 patients (67%) received any subsequent enzalutamide, 12 (44%) received docetaxel, 9 (33%) received abiraterone, and 5 (19%) received cabazitaxel. In patients progressing on ARMOR2, 67% (n ¼ 12) received any subsequent enzalutamide, 11 (61%) received docetaxel, 5 (28%) received abiraterone, and 5 (28%) received cabazitaxel. Figure 3 displays the maximum percent PSA change for each patient by type of therapy for the total cohort. The median baseline PSA was 11.3 ng/mL at initiation of subsequent abiraterone compared with 66.1 to 222.8 ng/mL for patients initiating treatment with subsequent enzalutamide, docetaxel, or cabazitaxel. With regard to abiraterone, all but 1 patient had metastatic disease (n ¼ 8; 89%), and 78% (n ¼ 7) received abiraterone as the first subsequent line therapy. Of patients receiving subsequent enzalutamide, 15 (83%) had metastatic disease, and 61% (n ¼ 11) received enzalutamide as the first subsequent line of therapy. Of the 
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Clinical Genitourinary Cancer August 2017 -465 patients treated with any subsequent abiraterone, the median maximum decline in PSA was 39%, with 57% (n ¼ 4) of patients experiencing a > 50% decline in PSA. The median duration of subsequent abiraterone was 8.6 months. The median maximum decline in PSA was 27% for patients receiving any subsequent enzalutamide, with 41% (n ¼ 7) experiencing a > 50% decline in PSA. The median duration of subsequent enzalutamide was 3.3 months. For patients receiving docetaxel, the median maximum decline in PSA was À34%, whereas for patients receiving subsequent cabazitaxel, the median PSA increased from baseline. The median duration of subsequent docetaxel was 2.8 months and of subsequent cabazitaxel, 1.0 months. Nearly all patients received cabazitaxel following docetaxel (4 of 5; 80%).
Discussion
The treatment landscape for patients with metastatic CRPC is rapidly evolving. Over the past 6 years, 5 new agents have demonstrated improvements in OS for men with metastatic CRPC, and many new agents are currently in development. Galeterone is a multi-targeted hormonal agent differentiated by AR degrading properties: galeterone has demonstrated antitumor activity in patients with CRPC. 11 A phase III trial of galeterone in patients with ARV7 metastatic CRPC was recently halted because of a Data Safety Monitoring Board conclusion that the primary end point of radiographic progression-free survival was unlikely to be reached. Plans for further development of galeterone are under consideration. Currently approved Post Galeterone Therapies in CRPC 
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Predictive biomarkers are needed to guide therapy selection. AR-V7 can be measured from circulating tumor cells and appears to be a marker of resistance to abiraterone and enzalutamide. 8 The AR-V7 blood biomarker was being utilized in the ARMOR3-SV trial and others and may be incorporated into future routine clinical practice. In this exploratory analysis, we sought to evaluate the PSA response of currently approved metastatic CRPC therapies following treatment with galeterone. Although our analysis is limited by its small sample size and lack of knowledge regarding AR-V7 status, our findings reveal that therapies for metastatic CRPC demonstrate activity following treatment with galeterone. With small numbers, the PSA50 response rate (! 50% decline in PSA) and duration of response to abiraterone post-galeterone was 57% and 8.6 months. Enzalutamide post-galeterone had a PSA response of 41% but of short treatment duration. Responses to chemotherapy in these patients were modest. PSA response rates were similar for patients who discontinued galeterone for progression. Investigators in the field have described primary (no initial response) and secondary (initial response) resistance to secondgeneration hormone therapies. 15 It has been hypothesized that the mechanisms of resistance may differ in the primary and secondary setting, although a full understanding of resistance mechanisms has not been established. Nearly all patients in this analysis had some PSA response to galeterone (median PSA decline, 49%) and therefore would not have demonstrated primary resistance to galeterone. Because the ARMOR2 study design only required 12 weeks of therapy, there is a mix of patients who came off galeterone without progression (33%) and for progression (67%) as assessed by clinical, radiologic, and tumor marker (PSA) progression, which could influence the choice of subsequent therapy. Given partial overlapping mechanisms of action of galeterone, abiraterone, and enzalutamide, there is the potential for cross-resistance between agents. Abiraterone is a potent CYP17 inhibitor with activity against 17-alpha hydroxylase and 17, 20-lyase resulting in androgen synthesis suppression. Unlike galeterone, abiraterone does not degrade the AR and requires administration of concomitant steroids to prevent a syndrome of mineralocorticoid excess. Galeterone is a potent CYP17 inhibitor with greater activity against the lyase function of CYP17 and does not require the co-administration of steroids. Enzalutamide is a potent antiandrogen, like galeterone, that also inhibits AR nuclear translocation, DNA binding, and coactivator recruitment, but like abiraterone is not known to degrade AR. 16 In the current analysis, responses to abiraterone post-galeterone (PSA50, 57% in our study) were comparable with expected responses to abiraterone demonstrated in large phase III studies of abiraterone pre-chemotherapy (PSA50, 62%) and postchemotherapy (PSA50, 29%) (Table 4) . 17, 18 Both of these studies excluded prior CYP17 inhibition and next-generation anti-androgens. Our results highlight the potential persistent activity of abiraterone post-galeterone and the lack of complete cross-resistance between abiraterone and galeterone. A possible explanation for the favorable response to abiraterone could be related to the degree of reduction in median serum hormone concentrations observed with galeterone (ARMOR1) compared with abiraterone. Data from the phase I study of abiraterone demonstrates that 28-day serum testosterone and dehydroepiandrosterone sulfate (DHEAS) levels declined to below the assay lower limit (1 ng/dL for testosterone and 15 mg/dL for DHEAS) and remained at this level until progression, 23 whereas reductions in testosterone and DHEAS with galeterone were slightly less than those observed with abiraterone (2 ng/ dL for testosterone and 18 mg/dL for DHEAS at week 12 with galeterone). 11 The potential responsiveness to abiraterone postgaleterone suggests that persistent AR signaling remains an important mechanism of resistance in CRPC, and further suppression of the AR axis is a key step to overcoming resistance. We demonstrate that responses to enzalutamide post-galeterone were slightly lower (PSA50, 41% in our study) than expected responses to enzalutamide demonstrated in large phase III studies of enzalutamide pre-chemotherapy (PSA50, 78%) and postchemotherapy (PSA50, 54%) (Table 4) . 19, 20 This observation suggests some degree of potential cross-resistance between enzalutamide and galeterone. However, given the small numbers in our dataset, these data require further validation in larger clinical studies. Several retrospective analyses have demonstrated cross-resistance between AR-targeted therapies (Table 4) . Though both abiraterone and enzalutamide have shown improvements in OS for patients with metastatic CRPC, [17] [18] [19] [20] no prospective study to date has evaluated the appropriate sequence or combination. Several studies have demonstrated modest clinical activity of abiraterone following treatment with enzalutamide. 24, 25 In a cohort of 38 patients progressing on docetaxel and enzalutamide, abiraterone resulted in ! 50% PSA declines in only 3 patients. 24 Additionally, several studies report blunted clinical activity of enzalutamide following 
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Clinical Genitourinary Cancer August 2017 -469 abiraterone. [26] [27] [28] [29] In an analysis of 61 patients receiving prior docetaxel and abiraterone, ! 50% PSA declines were seen in 21% of patients, and the median duration of enzalutamide treatment was 14.9 weeks. 26 Furthermore, several mechanisms of resistance have been reported following treatment with abiraterone and/or enzalutamide, and we hypothesize that these mechanisms are potentially at play following galeterone treatment. These potential mechanisms of resistance include increased intratumoral androgen biosynthesis, AR mutations and amplifications, glucocorticoid receptor overexpression, and activation of alternate pathways. 15 Whereas galeterone has demonstrated AR degradation properties, potentially conferring activity in the presence of constitutively active AR splice variants, mechanisms of resistance to galeterone have not been fully characterized, and whether AR splice variants play an ongoing role on resistance to this agent is unknown. Additionally, in our analysis (limited by small numbers), we demonstrated less responsiveness to chemotherapy post-galeterone. PSA50 response rates to docetaxel were 36% and cabazitaxel 0% compared with historic rates from large phase III studies, which were conducted in the era pre-abiraterone and pre-enzalutamide, of 45% to 48% for docetaxel and 17.8% for cabazitaxel (Table 4) . 21, 22 Prior studies have demonstrated similar efficacy results for docetaxel following abiraterone. In a comparative analysis of 119 patients with CRPC, individuals having received abiraterone prior to docetaxel had a shorter progression-free survival compared with those without prior abiraterone (4.4 vs. 7.6 months; P ¼ .003). 30 Though cross-resistance between agents may in part explain our findings, men receiving subsequent chemotherapy may have a greater tumor burden, more aggressive disease, or may be farther along the disease natural history. Though this is the first study exploring the anti-tumor activity of CRPC therapies post-galeterone, several limitations exist. Our analysis is largely limited by its retrospective design, which has the potential for selection bias and incomplete or variable assessments. All patients in our cohort had received galeterone on a clinical trial, thereby potentially limiting our ability to generalize results to a nonclinical trial population of patients. The total cohort of patients in the analysis is heterogeneous including patients with and without metastatic disease and those discontinuing treatment with galeterone for reasons other than progression. The small sample size of our cohort limits our ability to draw any specific conclusions regarding treatment selection and sequencing. Additionally, we were unable to adjust for baseline prognostic factors that could impact the type of subsequent therapy received. We used the metric "treatment duration" as a surrogate for time-to-progression. Treatment duration reflects "real-world" clinical practice patterns, given that the determination to discontinue a treatment is based on a physician's discretion regarding patient benefit. Lastly, radiographic data is lacking in part, given that the cohort includes patients without measurable disease. Despite these acknowledged limitations, this analysis is valuable to the field given the active development of AR-targeted therapy in metastatic CRPC.
Conclusions
To our knowledge, this is the first report to evaluate the efficacy of subsequent therapies after galeterone in men with CRPC. In a selected population of clinical trial patients who received galeterone, we demonstrate differential responses to subsequent CRPC therapies. Though galeterone is not approved for metastatic CRPC treatment, our data are meaningful in considering sequential and combinatorial treatment strategies with AR-targeted therapies and, more specifically, CP17 inhibition. The specific mechanisms of resistance to galeterone and other second-generation AR-targeted therapies need to be characterized to inform subsequent treatment selection. Lastly, this work underscores the need to identify and validate predictive biomarkers to guide clinical decision-making and inform patient treatment selections for men with CRPC. Our data are hypothesis-generating, and, if galeterone enters the treatment landscape for patients with CRPC, warrant further validation prospectively.
Clinical Practice Points
Galeterone inhibits prostate cancer tumor growth by CYP17 inhibition, AR antagonism, and AR degradation, thus decreasing the sensitivity of ARs to androgen activity, based on pre-clinical data. Galeterone has shown anti-tumor activity and a well-tolerated safety profile in patients with CRPC in phase I and II studies. The efficacy of currently approved CRPC therapies after treatment with galeterone is unknown. We demonstrate that CRPC therapies exhibit differential activity following exposure to galeterone. We demonstrate that therapy with abiraterone following treatment with galeterone results in PSA responses comparable with historic responses to abiraterone in patients with no prior exposure to second-generation hormonal therapy or to chemotherapy. In contrast, enzalutamide and chemotherapy postgaleterone result in modest PSA responsiveness. Our data are hypothesis-generating, and, if galeterone enters the treatment landscape for patients with CRPC, warrant further validation prospectively.
